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Oxygen reduction reaction has been studied on Pt low index planes in 0.1 M and
85% H3PO4 using hanging meniscus rotating disc electrode technique. The first-order
kinetics of O2 reduction reaction was found for all three surfaces in a four-electron
process with the first electron transfer rate determining in both 0.1 M and 85% H2PO4
solutions. Catalytic activity for O2 reduction follows the sequence Pt (110)>Pt (100)>Pt
(111). Structural dependence is predominantly determined by the adsorption of phos-
phoric acid anions, which is strongly structure-dependent on Pt surfaces.
Key words: oxygen reduction, Pt low-index single crystal, H3PO4, hanging meniscus
rotating disc electrode, current-potential curves, Tafel plots.
Oxygen reduction reaction is oneof themost important electrocatalytic reactions.
Different electrode materials and electrolyte have been tested from kinetic as well as
thermodynamic point of view,1 but only a few recent papers deal with a structural
dependence of this reactionon platinumsingle crystal surfaces.28This is partly caused
by difficulties in preparing clean rotating Pt single crystal electrodes, necessary for a
reliable studyofoxygenreduction.Until recently, singlecrystal studies in electrochemi-
cal systemshavebeenmostly focusedonadsorptionphenomenaand reactionoforganic
molecules.9Arecent reviewofoxygenelectroreductionbyAdi}10addresses alsosome
aspects of the reaction on single crystal surfaces.
Hanging meniscus rotating disc electrode technique introduced by Cahan and
Villullas11 provides one way to study oxygen reduction on single crystal planes under
mass transfer control similar to that with standard rotating disk electrode. Single crystal
planes can be preparedby hydrogen flameannealingmethod,which provides clean and
well-oriented surface.12 Most recently Markovi} et al.7,8 reported a study involving
rotating disk-ring electrode with a platinum single crystal disk, which does not have
some limitations of the hanging meniscus rotating disk electrode.
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Phosphoric acid is one of the most suitable electrolytes for the fuel cell
applications. Consequently, oxygen reduction in concentrated phosphoric acid has
been often studied on polycrystalline smooth platinum,13,14 but also on high surface
area1517 and on supported platinum electrodes.18 Studies using rotating ring-disc




the parallelmechanism of O
2
reduction
takes place, with the dominant four-electron reaction path.
The aim of this study is to gain the information on O
2
reduction on Pt low




solution. An attempt is
also made to examine the structural dependence of O
2
reduction, as it already has








7 and 0.1 M KOH8 solution, which is
at variance with the early results by Ross.2
EXPERIMENTAL
Cylindrical Pt single crystals were obtained from Metal Crystals Ltd. (Cambridge, UK).
Surface preparation involved polishing with diamond paste (the last polishing with a l µm grade)
and annealing in hydrogen flame. After cooling in hydrogen gas, the electrode surface was protected
with a drop of ultra pure water.
12
The crystals were mounted in a Kel-F colet holder, designed to fit
a Pine rotator (Pine Instrument Co.). H3PO4 was from Baker Ultrex. Platinum wire served as the
counter electrode and reversible hydrogen in the same solution served as the reference.Measurements














of sharp peaks appears at the potential ≈ 0.3 V
RHE
, with practically no separation
in anodic and cathodic sweep directions. Similar observation has been observed for




solution, and it has been concluded that the
peak in both cases is caused by anion adsorption and ordering of the adsorbed





1, inset) has a shape indicative of a well oriented Pt (111) surface. It should be
mentioned that from voltammetry curves for Pt (111) in the electrolyte which
contained 0.1 M HClO
4




(4.0×106 M  1.5×103 M)







- ≈ 1, has been obtained.19





the potential region where in other electrolyte solutions a monolayer of Pt oxide is
formed, viz. 0.8  1.2 V
RHE
. A negligible oxidation current is observed up to 1.2
V
RHE
is not reported before. This is a consequence of a strong adsorption of anions
which effectively blocks the Pt (111) surface, since both the anion and the surface
have the same three-fold symmetry. In addition to anion adsorption, a low activity
of H
2
O in this solution limits the oxidation at very positive potentials in Fig. 1. This
behavior has a consequence on the O
2
reduction, as will be discussed below.
Figure 2 gives current  potential curves (cathodic direction) for O
2
reduction




at the rotation rate of 1600 rpm. A complete set of data
has been recorded in the rotation range from 125  1600 rpm. The curve for Pt (111)
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at poentials more negative than 0.4 V (beyond the limiting current of oxygen
reduction) appears to be a sum of the O
2
reduction current and that of H
2
adsorption
(cf. Fig. 1). It is also seen that the limiting current region is defined better for (110)
and (100) faces, than for the (111) plane. This difference could be caused by the
intensive oxygen transport through the thin film of electrolyte towards the edge of
Fig. 1. Voltammetry curves of Pt(111) in 85% H3PO4. Inset: Voltammetry curve of the same surface
in 0.1 M H3PO4. Sweep rate: 50 mV s
-1
.
Fig. 2. Current  potential curves for oxygen reduction on low-index Pt planes in 85% H3PO4 at
1600 rpm. Sweep rate: 50 mV s
-1
.
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the electrode influenced by surface tension at three phase interface, which should





, as it is seen in Fig. 3  inset, where currentpotential curves of oxygen
reduction on Pt (110) are given for different rotation rates. The well-defined
diffusion limiting current plateauwas registered in thewhole range of rotation rates.
Figure 3 shows current  potential curves of O
2





(cathodic scan) at 1600 rpm.The diffusion limiting currents have different




 Fig. 2) simply because of the different susrface




in the kinetic and mixed kineticdiffusion control regions, implies a structural
dependence of oxygen reduction reaction. In the potential regionmore negative than
0.1V
RHE
, there is a decrease of limiting diffusion currents for Pt (111) and Pt (100),
while such a decrease is not seen for Pt (110). Similar observations were made for











reported by Markovi} et al.7 showed that this decrease in the hydrogen adsorption




as a reduction product. This implies a
change in the mechanism of oxygen reduction reaction from the direct four-electron
to "parallel" or "peroxide" pathways. The state of underpotential deposited (ad-
sorbed) hydrogen is different on different Pt planes.20 Sites for hydrogen adsorption
on Pt (110) plane are below the top rows of Pt atoms and main amount of adsorbed
hydrogen is below the surface, while the surface of Pt (111) and (100) planes are
Fig. 3. Current  potential curves for oxygen reduction on low-index Pt planes in 0.1 M H3PO4 at
1600 rpm. Inset: Current  potential curves for oxygen reduction on Pt(110) plane at specified rota-
tion rate (rpm). Sweep rate: 50 mV s
-1
.
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fully covered by hydrogen. The effect of adsorbed hydrogen on oxygen reduction
is more pronounced on (111) and (100) faces than on Pt (110).
With the assumption that oxygen reduction is first-order reaction, the analysis





was carried out by using Levich-Koutecky equation, which has been already applied










denotes kinetic current, B is Levich constant and ω is rotation speed in













in which n is the number of electrons exchanged per O
2
molecule, F  Farady
constant, A is electrode surface area, c is bulk concentration (solubility) and D
diffusion coefficient of oxygen, while v is kinematic viscosity of the electrolyte.
Figure 4 and 5 give I-1   ω-1/2 dependenceis obtained frompolarization curves





respectively. Fairly well parallel straight lines indicate first-order kinetics with
respect to O
2
molecule. Taking the literature data for c = 2.87×107mol cm3, D =
7.61×107 cm2 s1, ν = 0.23 cm2 s1 used by OGrady et al.14 in the analysis of O
2




, and assuming n = 4, the calculated values of B in
µA(rpm)1/2, are 0.87, 0.81 and 0.80, for the (111), (100) and (110) orientations,
respectively. Experimental and calculated values are in fairly good agreement, so
Fig. 4. I
1
 ω1/2 plots for oxygen reduction on Pt (hkl) planes in 85% H3PO4 at indicated poten-
tials obtained from current  potential curves.
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a four-electron pathway on all three Pt low - index faces. The same conclusion holds




. The values of B.102, mA(rpm)1/2, calculated assuming that the
solubility and viscosity data for 0.1 M HClO
4




and n = 4, are 4.6, 4.2 and 4.3 for the (111), (110) and (100) faces, respectively.
Experimentally obtained B values are larger than calculated (Eq. (2)). If n value is
calculated from experimental B values (Eq. (2)), one obtains n > 4, which has no
physical sense in oxygen reduction reaction.
Fig. 5. I
-1
 ω-1/2 plots for oxygen reduction on Pt(hkl) planes in 0.1 M H3PO4 at indicated poten-
tials obtained from current  potential curves.
Fig. 6. Potential dependence of the rate constants for oxygen reduction dependencies in 85%
H3PO4, a), and 0.1 M H3PO4 b), calculated from kinetics currents obtained from I
-1
 ω-1/2 plots.
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From the intercepts in Figs. 4 and 5 the first-order rate constant (k = I
k
/AnFc)
for oxygen reduction reaction are calculated and plotted in Fig. 6. The slopes of the
plots for both solutions and all three faces are close to 120 mV. The same slope is
seen for Tafel plots  Figs. 7 and 8, obtained from the data in Figs. 2 and 3. Structural
dependence of the oxygen reduction rate is obvious. The most active plane is (110)
and the smallest activity is seen for (111) plane. The slope of Tafel plots at more
positive potential region for Pt (100) and Pt (110) in 0.1 M H3PO4 is close to  60
mV. This change of slope is certainly related to the existence of oxygen containing
species, usually denoted as PtOH, in this potential range.21 The effect of PtOH on




adsorption does not prevent PtOH formation




adsorption on Pt (111)







19 The existence of oxygen




is not easy to prove in thewhole
potential region of oxygen reduction, as can be seen for Pt (111) in Fig. 1.
The change of Tafel slope usually means the change in reaction mechanism,
but for oxygen electroreduction it is known that first-electron transfer is ratedeter-
mining step in both low and high current density region.10 Damjanovi} and Gen-
shaw asribed the slope change to the change from Temkin conditions for reaction
intermediates in the PtOH region (low current density region) to Langmuirian
behaviour at less positive potentials, where the coverage of adsorbed oxygen species
becomes negligible.22Adifferent explanation of the change of slope was offered by
Tarasevich, who suggested that adsorbed oxygen species cause a decrease of O
2
adsorption and that the change of the coverage affects the adsorption of oxygen
molecule on platinum.23,24 The same view was expressed by Adzic25 und Uribe et
al.26 Acording to this opinion, PtOH formation is not due to the interaction of O
2
with Pt, but rather from the reaction of H
2
O with Pt, which causes inhibition of O
2
reduction. In this situation it should be expected that there is no slope change on
Fig. 7. Tafel plots for oxygen reduction on Pt(hkl) in 85% H3PO4 obtained from currentpotential
curves at 1600 rpm.
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Pt(111) surface when tetrahedral anions, such as sulfates7 or phosphates, are
adsorbed. Other two low-index faces of Pt do not adsorb those anions and the





reaction is inhibited by them. The adsorption of PtOH follows the Temkin isotherm
which causes such an effect on the reduction kinetics.
Considering kinetic and mixed kinetic  diffusion control region, it can be
concluded that O
2
reduction reaction is first order with respect to dissolved oxygen,
which proceeds dominantly in a four-electron reaction pathway with a first electron
transfer as rate determining step. This is valid for all three planes in both concen-
trated and diluted H3PO4 solutions. The structural sensitivity of reaction does not
affect these reaction parametes, except the half-wave potentials. This type of
structural sensitivity could be considered similar to the one observed for the activity
of Pt(hkl) for oxygen adsorption from the gas phase, as discussed by Markovi} at
al. for O
2
reduction on Pt(hkl) in 0.1 M HClO
4
.
4 They concluded that the activity
for O
2
reduction follows the order (110) > (111) > (100), which is also the order of
activity for oxygen adsorption from gas phase, although the aqueous media in the
case ofO
2
electroreduction canmake the conditions forO
2
adsorptionquite different
in comparisonwith gas phase.Yeager and coworkers suggest dissociative adsorption
of O
2
as rate-determining step in O
2
reduction.27,28 The high activity of Pt(110)
plane is due to the lower activation energy for dissociative O
2
adsorption, which is
connected with stronger interaction of O
2
and the surface.




, both 85% and 0.1 M, Figs. 6  8, is (110) >
(100) > (111). This differs from the sequence found in the case of HClO
4
solution,4




solution.7 The most active plane in all




















. This implies that adsorption of acid anions, which
Fig. 8. Tafel plots for oxygen reduction on Pt(hkl) in 0.1 M H3PO4 obtained from currentpotential
curves at 1600 rpm.
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proceeds with different intensity,19,29 should be responsible for the activity of Pt
(hkl) for O
2
reduction in those electrolytes.




anion appears structure sensitive, which is probably





their common tetrahedral structure.7,20 Adsorption of sulfuric or phosphoric acid
anions on Pt (111) surface through three equivalent oxygen atoms is stronger than
on other two low-index planes, where one or two oxygen atoms are involved in
bonding to the surface. This difference in bonding (and coverage) leads to the
corresponding variation in catalytic activity for O
2
reduction. Adsorption of phos-
phoric acid anion probably inhibits oxygen reduction by blocking initial adsorption
of O
2
molecule, but does not affect the reaction pathway in the kinetic control
region.
CONCLUSION
On the basis of the above results and data analysis one can conclude that the





first-order kinetics, which proceeds similar as found for polycrystalline plati-
num13,14 via four-electron pathwaywith a first electron transfer as rate-determining
step. The reaction exhibits a considerable structural senstivity. The sequence in the
activity is (110) > (100) > (111). This sensitivity is probably caused by structure
sensitive phosphoric anion adsorption. In the region of hydrogen adsorption on




, oxygen reduction proceeds via two-electron
pathway due to the effect of underpotential deposited hydrogen. Similar conclusions




on the basis of the results
obtained with rotating ring-Pt(hkl) disc.7 In the region of positive potentials, Tafel
slopes for O
2





close to  60mV, which is caused by inhibitory effect of PtOH. In themore negative
region slope for these two planes is close to  120 mV. This change of slope is not
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Ispitivana je reakcija redukcije kiseonika na niskoindeksnimmonokristalima
platine u 85% i 0.1 M rastvoru H3PO4 tehnikom rotiraju}eg meniska. Utvr|eno je da je
u oba rastvora reakcija prvog reda i da se odigrava 4-elektronskim putem u kome je
prenos prvog elektrona spori stupaw. Kataliti~ka aktivnost za redukciju kiseonika
sledi niz Pt(110) > Pt(100) > Pt(111). Strukturna zavisnost aktivnosti dominantno je
odre|ena strukturno zavisnom adsorpcijom anjona fosforne kiseline na Pt(hkl)
ravnima.
(Primqeno 18. juna 1999)
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